ABSTRACT
INTRODUCTION
Miniaturizations of integrated circuits (ICs) are facing many difficult challenges including packaging, line width, materials and etc. One of the most serious challenges is to manage the high thermal power density and to control temperature. According to the 2012 International Technology Roadmap for Semiconductors (ITRS), the maximum power density of a single-chip with high performance and multiple purpose units (MPU) will reach 1 W/mm 2 by the end of 2020 [1] .
Traditional forced air convection cooling cannot manage such high heat flux without large radiators and powerful fans; which may result in unacceptable noise level and difficulty in system integration. Liquid cooling method with microchannels, separating the heat absorption from ICs and heat dissipation to air, has higher efficiency and high degree of integration. It will be an important option for cooling the next generation electronics.
In 1981, Tuckerman and Pease [2] built the first microchannel heat sink and proved its huge potential for IC cooling. Since their pioneering work, many studies on friction factors and Nusselt numbers in flat channels have been reported [3] [4] [5] [6] [7] [8] . These works showed that the Navier-Stokes equations are still valid for these micron level channels. The axial heat transfer, surface roughness, viscous heating are also negligible. Wavy channel [9] [10] [11] [12] , branched channel [13] [14] [15] , ribs, fins or rough elements [16] [17] [18] [19] (such as triangular, rectangular, dimple elements and so on) have also been investigated, the rough elements method can strengthen the convection heat transfer without large pressure penalty and is a possible low-cost solution.
Jonghyeok Lee and Kwan-Soo Lee [20] studied plate heat exchanger with dimples and protrusions. The Reynolds numbers were varied from 500 to 15000. A genetic algorithm was used to determine the optimal dimple and protrusion shape. The optimal design enhances the performance factor by as much as 28% and is independent of Reynolds number. Alshroof et al. [21] investigated laminar flow (Reynolds number of 1600) and heat transfer of single dimple, single protrusion and their combinations. With a single dimple, a 9% increase in the performance factor was obtained. This was achieved with a 7% heat transfer enhancement and a 1.5% decrease in the average shear stress. With a single protrusion application, the performance factor increased by 32% even with higher average shear stress. Bi et al. [22] numerically studied the heat transfer in 1mm
hydraulic diameter channel with dimples, cylindrical grooves and low height fins for Reynolds numbers from 2700 to 6100. It was concluded that, when the Reynolds number is larger than 3323, the dimpled channel has the best overall performance. They also concluded that the dimple diameters and spacings can be optimized to increase performance. Wei et al. [23] studied steady laminar flow and heat transfer inside a microchannel with one dimple using periodic boundary conditions, the results show that the dimple could reduce the pressure drop under low Reynolds number. Lan et al. [24] studied rectangular microchannel with dimples and protrusions with
Reynolds number from 100 to 900, for the dimple-only case they also find the dimple could reduce the reduce the pressure drop under low Reynolds number.
Ge et al. [25] studied the cosine-shaped dimpled heat sink with Reynolds number from 50 to 3000. They concluded that transition from laminar to turbulent flow begins at Reynolds number of 1000 and the flow becomes fully turbulent around Reynolds number of 3000. Lienhart et al. [26] reported experimental measurements and numerical simulations for turbulent flow over shallow (dimple depth to dimple print diameter ratio of 0.05) dimpled surfaces. Both in internal and external flow, the drag force consists of shear stress and pressure force didn't decrease. Though the shear stress was marginally decreased, the pressure force caused by dimples overcame these reduction, dimples couldn't decrease the flow resistance. Turnow et al. [27] carried out experimental measurements and large eddy simulations on staggered dimpled surfaces for Reynolds numbers of 6521 and 13042. Ninety-three percent heat transfer enhancement and fourteen percent decrease in pressure drop was the best overall performance obtained with dimple depth to dimple print diameter (diameter of dimple edge) ratio of 0.26. Isaev et al. [28] presented numerical solutions for single dimple in narrow channel. The Reynolds number was varied from 20000 to 60000. The average Nusselt number enhancement was independent of Reynolds number. When both heat transfer enhancements and pressure losses were considered, the overall performance was better at lower Reynolds numbers. Tay et al. [29] conducted experiments on dimpled microchannels with dimple depth to dimple diameter ratios from 0.05 to 0.5. Flows were visualized by injecting dye into the flow passages. The Reynolds number was varied from 1000 to 28000. Six different flow stages were observed when Reynolds number was growing. The flow stages development achieved under lower Reynolds number as the dimple's depths increase.
Silva. et al. [30] reviewed published literature on heat transfer enhancement with dimples for cooling of microelectronics. They concluded that heat transfer enhancements (1) are independent of the Reynolds number in laminar and transition flows, (2) are better at low Reynolds number due to the small pressure drop, (3) are better with shallow dimple (dimple depth to dimple diameter ratio of 0.2) and (4) can be optimized by properly spaced dimples placements Xie et al. [31] presented numerical solutions of turbulent flows through microchannels with tear drop dimple and protrusion. It was concluded that tear drop dimple and protrusion enhanced heat transfer better than hemispherical dimple or protrusion, albeit with higher flow resistance.
Yoon et al. [32] reported results from direct numerical simulations of flow through microchannels with tear drop dimple for a Reynolds number of 2800. It was concluded that a 4% heat transfer enhancement was obtained with the use of tear drop dimples.
From the above, majority of the available studies focused on turbulent flows, transition flows or higher spectrum of laminar flows. Micro channel heat sink used for electronic cooling must be highly reliable. As the leakage of fluid or failure of structure will damage the electronic or even the whole system. Thus properly designed cooling arrangements with laminar flow which has low pressure drop and higher efficiency may be more suitable for electronic cooling. The objective of this article is to study the effectiveness of cooling facilities utilizing dimples to enhance performance.
The flow is kept laminar with a Reynolds number of 500. The effects of channel aspect ratios, dimple sizes and dimple arrangements are numerically studied to find the effect of dimple and a proper way to control the maximum temperature of electronics. The effects of the flow area aspect ratios (Fig. 1c) , the dimple spacings ( Fig. 1d ) and the dimple depths ( 
GEOMETRY MODEL

GOVERNING EQUATIONS AND BOUNDARY CONDITIONS
The governing equations for steady, incompressible laminar flow of Newtonian fluid with constant properties are Continuity Equation
where  is the fluid density, x is the axial coordinate, y is the transverse coordinate, z is the transverse coordinate, u is the axial velocity, v is the transverse velocity, w is the transverse velocity,  is the fluid viscosity, p is the pressure, c p is the fluid specific heat and  is the thermal conductivities of the fluid and heat sink material.
Boundary Conditions
Inlet: The inlet Reynolds number (based on the hydraulic diameter) Re is set to 500 and the inlet temperature is kept at 300K.
Outlet: Zero axial gradients of the transverse velocities and temperature are specified at the outlet. The axial velocity is calculated to ensure mass conservation.
Bottom Wall:
No slip condition is imposed on the velocities. The heat flux on the 10mm long heat source starting at x = 5 mm is specified as 1 W/mm2. The remainder of the bottom wall is adiabatic.
Other Walls: No slip condition is imposed on the velocities. All walls are assumed adiabatic.
The specific heat capacity of water C p = 4.2 kJ/kgK, the thermal conductivity of water  f = 0.6 W/mK, the density of water  f =998.2 kg/m 3 and the dynamic viscosity of water  f =1.00310
Pas. The solid material of microchannel is copper with a thermal conductivity  s =297 W/mK.
AUXILIARY PARAMETERS
The average Nusselt number, the local Nusselt number, the thermal resistance and the performance factor are used to evaluate the effectiveness of the dimpled heat sink. These parameters are defined in this section.
The average Nusselt number is calculated as
Where D e is the hydraulic diameter, Q is the total heating power(=10 W). A wall is the area of fluid solid interface. T wall and T f is average temperature of fluid solid interface and fluid.
In Eq. (7), A c is the inlet cross-sectional area of the flow channel and P is the wetted perimeter of the flow channel at the inlet. In Eq. (8), L is the channel length, H w is the flow channel width, H c is the flow channel height, n is the number of dimple, d is the dimple depth and r is the dimple radius.
The local Nusselt number at a point P at position (x, y, z) on the wall is calculated through: 
The performance factor PF 18 [9] is a measure of the ratio of the heat transfer enhancement and the penalty on the pressure drop between the dimpled channel and the flat channel. It is defined as
where p is the difference of average pressure between the inlet and the outlet, p in -p out , Nu is defined in Eq. (6) and the subscript 0 stands for flat channel heat sink with the same inlet aspect ratio.
RESULTS AND DISCUSSION
Mesh Independency Check
Hexahedral meshes (Fig. 2) were used in this study. Equations are solved by SIMPLE algorithm. Carefully grid independency check was carried out for each case separately. As an example, Fig. 3 shows the grid independency check for flat channel heat sink with aspect ratio 1:1.
The differences in the average Nusselt number (Eq. 6) and pressure drop between the inlet and outlet are within 0.5% when the number of control volumes are doubled from 3.41 million to 7.87million. In this situation, 3.41 million control volumes were used for all simulations. Finally, 3.41 million, 4.38million, 5.69 million and 7.12 million control volumes were used for 1:1, 2:1, 3:1 and 4:1 aspect ratios respectively.
Effect of Aspect Ratio
Four different channel width to channel height ratios namely, 1:1, 2:1, 3:1 and 4:1 as shown in Fig. 1c are studied. For proper comparisons, the dimples' depth and spacing are unchanged in this study. Starting at 2mm from the entrance, 21 dimples are placed at the bottom of channel 0.7mm
(center-to-center distance as shown in Fig. 1d ) apart. The dimples' radius and depth are 0.2 mm and 0.1 mm respectively.
As the aspect ratio increases, the flow cross-sectional area decreases. As the Re is kept constant at 500, the average velocity at every cross-section increases with aspect ratio. Therefore, we expect higher Nu, lower heat sink temperature and higher pressure drop with increasing aspect ratios. The velocities on top of these recirculation zones which are non-zero and positive are in contact with the through flow above the dimples. As a result, unlike without dimples where the fluid velocity at the wall is zero due to the no-slip condition, the through flow velocities alternates between zero and non-zero; non-zero when it flows over a dimple and zero when it is in contact with the flat bottom surface. This leads to lower pressure drops with the addition of dimples.
With dimples, the performance factor PF increases between 2% to 16% with aspect ratios.
As expected, the maximum temperature of the heat sink also decreases with aspect ratios. Increasing aspect ratio is apparently beneficial to the heat transfer in microchannel, while fluid velocity increase near the wall in high aspect ratio structure is the main reason of vortex strengthening and heat transfer enhancement.
Effect of Dimple Depth
Based on aspect 4:1 model, different dimple depth is taken into account to study the effect.
Part of the data are listed in Table . In Table , the pressure drop is apparently decreasing with dimple depth growing, and the maximum decrease is 3.8%. Relation between thermal resistance and dimple depth is parabolic: thermal resistance decreases first and then increase. Among the present cases, case with dimple depth 0.1 has the minimum thermal resistance. Same as the influence of dimple on pressure drop, the influence of dimple on heat transfer is also weak: the maximum temperature difference between four cases is only 1.27K, demonstrating that changing the dimple depth does not have important impact.
Average viscous dissipation rate on cross section along x direction is plotted in Fig. 8 and Fig.   9 . Viscous dissipation rate of incompressible viscous flow could be calculated by equation below: 
In the flat case, the viscous dissipation rate is constant after the entry effect. In the cases with dimples, the viscous dissipation rate dives when velocity gradient decrease (caused by low velocity vortex) and increases again because of the flow reattachment. Though the viscous dissipation rate reduces in the dimple; but the volume growth will counterbalance the total viscous dissipation. When dimple depth equals 0.2mm, the flow passage volume gained 28.13% compared to flat channel. While average viscous dissipation rate decreases 26.2% and the pressure drop only Local Nusselt number are listed in Fig. 12 . It shows that dimple depth 0.1mm is the optimal depth within research parameter. The optimal depth has a great impact to the flow field. In laminar flow, transverse convection is an important method to disturb the flow boundary and enhance the mix between different fluid layers.
Effect of Different Dimple Spacing
Different dimple spacing is studied in this section and optimal dimple depth 0.1mm is used in these models. Reynolds number is kept at 500. Table is the basic data summarized from cases with different dimple spacing. Thermal resistance and dimple spacing has a linear relation: small dimple spacing allows placing more dimples and gains advantages to heat transfer enhancement.
Pressure drop and dimple spacing also has a linear relation: smaller dimple spacing reduces the pressure loss. Fig. 8 shows that the dimple has a limited impact area to the pressure loss. The influence will disappear at about 0.1mm downstream of dimple. The pressure drop will decrease when the dimple spacing increases and dimple number reduced. Fig. 13 , Fig. 14 and Fig. 15 show the average local Nusselt number along x direction in the cases of different dimple spacing. The influence of dimple to heat transfer also has a limited impact area. In Fig. 13 , the influence to local Nusselt number will disappear at 1.2mm downstream of the dimple.
According to the analysis above, the influence of multiple dimple is simple addition of single dimples. Decreasing the spacing does not have important influence on the heat sink performance, and adding more dimples is an effective way to enhance the overall performance of heat sink.
CONCLUSIONS
Three geometric parameters -aspect ratio, dimple depth, dimple spacing-have been studied in this paper under constant Reynolds number 500 to find optimal geometric shape and study the The transverse convection caused by dimple is very important to enhance the convection heat transfer under laminar flow. Besides the heat transfer enhancement, dimple can also reduce the pressure loss. It is an effective method to improve overall performance of microchannel heat sink. In the study, optimal d/H c is about 0.6, bringing 3.2K temperature decrease of maximum temperature. This can be enhanced by increasing the dimple number. The work in our paper provides reference for optimal design of dimple structure in microchannel heat sink. Table Caption List   Table 1 Effect of different aspect ratio Table 2 Effect of dimple depth Table 3 Effect of different dimple spacing 
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